Nanoparticulate delivery of biocides has the potential to decrease levels of exposure to non-target organisms, and miminize long-term exposure that can promote the development of resistance. Silica nanoparticles are an ideal vehicle since they are inert, biocompatible, biodegradable, and thermally and chemically stable. Encapsulation of biocides within nanoparticulates can improve their stability and longevity and maximize the biocidal potential of hydrophobic volatile compounds. Herein, we have shown that the plant secondary metabolites allyl isothiocyanate and cinnamaldehyde demonstrated increased antimicrobial activity against Escherichia coli in planktonic form, when packaged into mesoporous silica nanoparticles. Furthermore, the biocide-loaded nanoparticles showed activity against Pseudomonas aeruginosa biofilms that have inherent resistance to antimicrobial agents. The delivery platform can also be expanded to traditional biocides and other non-conventional antimicrobial agents.
Introduction
Biocides, including antimicrobials and particularly antibacterials, are essential in healthcare, and ubiquitous in many commercial applications to kill or inhibit the growth of microorganisms. However, specific biocides can be unsafe to humans or the environment at high dosages, and long-term exposure promotes development of resistance, leading to increasing concerns with regards to antibiotic failure. Thus, there is a need for improved delivery of biocidal agents that are effective against harmful organisms, while minimizing unnecessary long-term exposure to high doses of antimicrobials and the concomitant risk of developing resistance. One approach to achieve this is to use nanoparticles to encapsulate and deliver biocides, maximizing biocidal efficiency while permitting lower doses. Silica nanoparticles are attractive candidates as inorganic, nanoscale (less than or equal to 100 nm in diameter) materials that have received considerable attention in recent years, particularly in medicine, due to their inert, biocompatible, biodegradable, thermally and chemically stable properties [1] [2] [3] [4] as well as their inexpensive synthesis [5] . In particular, mesoporous silica nanoparticles (MSNPs) have received interest as carriers for many applications, including pharmaceutical drug delivery, gene therapy, enzyme immobilization, catalytic chemistry, ion exchange, biosensing and bioimaging [6] [7] [8] [9] [10] [11] [12] . Furthermore, the ordered pore network, high pore volume and surface area, and silanol-containing surface [13] as well as the biodegradation of silica in the natural environment into relatively harmless silicic acid by-products make this an attractive proposition. This study expands upon the advantages conferred by MSNPs to deliver novel antimicrobial agents and evaluates their activity against bacteria in planktonic form and in biofilms.
MSNPs have pores ranging from 2 to 50 nm in diameter into which compounds of interest can be loaded [14] . Particle size, porosity and surface & 2017 The Author(s) Published by the Royal Society. All rights reserved.
properties can also be predictably controlled and tailored to match the physico-chemical properties of guest compounds as well as the overall needs of specific applications [8] . Functional groups, targeting ligands and stimuli-sensitive molecules can be conjugated to both the internal surfaces of the pores and the outer surface in order to optimize loading of guest compounds, control the release profile, improve dispersity or direct the carriers to targeted sites [9, 15, 16] .
It has been reported that plant secondary metabolites are promising candidates as novel biocides. Chemical conflict between microbial invaders and plants has gone on for millions of years, resulting in the evolution of an enormous array of plantderived compounds that are toxic towards potential pathogens. As such, the plant kingdom offers substantial discovery potential in terms of developing alternative killing agents. These secondary metabolites are (i) highly effective in killing microbes while being non-toxic to humans at antimicrobially active concentrations [17] and (ii) safer and non-damaging to the natural environment because they are originally sourced from plant material. However, hindered by their volatile nature, immiscibility and tendency to degrade in aqueous solutions, plant secondary metabolites typically do not reach their maximum antimicrobial activity in real-world applications.
Several of the limitations of these compounds could potentially be mitigated by novel delivery strategies. In particular, the channels that form the nanosized pores within MSNPs act as physical, protective barriers that surround guest molecules; hence, MSNPs are capable of stabilizing volatile antimicrobial agents, minimizing their loss through vaporization and enhancing the effectiveness of each antimicrobial treatment by retaining more of the loaded agent in the system [3] . In addition, as MSNPs are intrinsically hydrophilic, they can increase the bioavailability of plant compounds by dispersing freely and evenly in aqueous solutions, obviating the need for additional emulsifiers or solvents, improving the delivery of hydrophobic agents to target cells [1] . Furthermore, the high surface areato-volume ratio of MSNPs helps to maximize the bioavailability of the loaded compound during exposure to microbes [8] .
In this study, we used allyl isothiocyanate (AIT) and cinnamaldehyde (CNAD) as model plant antimicrobial agents to assess the efficacy of MSNPs as carriers to improve their biocidal activity. AIT and CNAD are volatile oils at room temperature, with low solubility, but have both been reported to be highly antimicrobial in comparison with other classes of plant secondary metabolites [18] .
The objectives of this study were therefore (i) to synthesize MSNPs with a high loading capacity; (ii) to characterize the size, size distribution, morphology and porosity of the synthesized MSNPs; (iii) to load MSNPs with AIT and CNAD and determine release profiles of the two plant compounds; (iv) to assess the antimicrobial efficiency of AIT-and CNADloaded MSNPs as compared to that of AIT and CNAD as free agents; and (v) to assess the efficacy of the loaded particles against biofilms.
Material and methods

Synthesis of mesoporous silica nanoparticles with hexagonally ordered mesopores
MSNPs were synthesized via hot hydrolysis in an aqueous, basecatalysed sol-gel system as described by Hom et al. [8] , with some modifications. In a typical synthesis, 200 mg cetyltrimethylammonium bromide (CTAB) (99%; Sigma-Aldrich, UK) was dissolved in a 96 ml deionized water and 700 ml 2 M NaOH in a 250 ml round-bottom flask at 808C (pH 12.4), stirring at 500 r.p.m. After temperature stabilization, 1 ml tetraethylorthosilicate (Sigma-Aldrich) was added. After stirring for 15 min, 254 ml 3-(trihydroxysilyl) propylmethylphosphonate was added to the suspension to modify the silica surface with phosphonate groups to reduce aggregation. After stirring for another 2 h at 808C, the suspension was centrifuged at 9000 r.p.m. for 5 min. Resulting nanoparticles were washed twice with methanol (Sigma-Aldrich).
To ensure that the resulting nanoparticles could be loaded with hydrophobic molecules, the surfactant CTAB was subsequently removed by distillation by refluxing in 40 ml methanol plus 2 ml 37% hydrochloric acid (Sigma-Aldrich) overnight at 808C using a water-cooled coil condenser.
Mesoporous silica nanoparticle characterization 2.2.1. Transmission electron microscopy analysis
Synthesized MSNPs were imaged via transmission electron microscopy (TEM) with JEOL JEM 2010 operating at 200 kV for bright field imaging, with small angle tilts (2208 to þ208) to inspect pore orientation. Specimens were prepared by drop-casting MSNPs onto holey carbon-coated TEM copper grids (carbon film on 3 mm 300 mesh, Agar Scientific, UK), allowing them to air-dry overnight before imaging. Particle and pore sizes were measured using Digital Micrograph TM software. Nanoparticles were measured in two directions, perpendicular to each other, by analysing the region of interest on a histogram of the TEM image, in line plot display. The size of each individual nanoparticle was the mean value of the two measurements, and the mean size of all collective MSNPs was the average of all particle sizes measured. Pore/channel diameters were measured similarly. Owing to the rigidity of the material, pore size remains constant before and after drug loading [19] ; therefore, pore size measurements were only made directly after MSNP synthesis.
Loading and release of allyl isothiocyanate and cinnamaldehyde
AIT (250 ml, r ¼ 1.01 g ml
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; Sigma-Aldrich) was dissolved in 1.75 ml dimethyl sulfoxide (DMSO) (Sigma-Aldrich), and then loaded into 20 mg MSNPs suspended in 7 ml phosphate-buffered saline (PBS) via diffusion in a 15 ml glass vial. Contents were sonicated with a probe (Vibra-Cell VCX 130, Sonics & Materials Inc., USA) for 3 min at 5 s intervals, then left to stir at 250 r.p.m. for 24 h. After loading, MSNPs were transferred into six microfuge tubes and centrifuged at 12 000 r.p.m. for 3 min. The concentration of AIT and CNAD in the supernatant was analysed by liquid chromatography (LC, see below for details) and compared to a calibration curve to calculate the loading capacity of the nanoparticles. A control in the absence of MSNPs was used to account for the oil that is lost from the system via evaporation.
After this, MSNPs were washed twice with 1.3 ml 50 : 50 (v/v) methanol: distilled water and once with 1.3 ml PBS to remove any excess AIT on the surface of the MSNPs and to ensure the removal of DMSO, which can be potentially toxic to bacterial cells. In the case of CNAD (Sigma-Aldrich), 500 ml CNAD (r ¼ 1.05 g ml 21 
)
was dissolved in 1.5 ml DMSO and loaded into 20 mg of MSNPs in 7 ml PBS using the same protocol.
Washed MSNPs were resuspended in 10 ml PBS. Resulting AIT-and CNAD-loaded MSNP suspensions were incubated at 308C at 150 r.p.m. to allow the molecules to be released into the PBS via diffusion. Release was monitored every 30 min for 4 h and then again at 24 h, via liquid -liquid extraction and subsequent gas chromatography with flame ionization detection rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20160650 (GC-FID) analysis. Five separate release experiments were performed for each plant compound, and three samples per time point were prepared in each experiment.
To evaluate the volatility of each compound during release, 10 ml of AIT and CNAD were dissolved in 10 ml PBS with and without 20 mg of MSNPs and incubated at 308C at 150 r.p.m. The volatility test was performed in triplicate and compound concentration was monitored over 24 h via LC analysis.
GC-FID and liquid chromatography
Volatility and loading tests were evaluated via LC analysis, using an Agilent Technologies 1120 Compact LC, equipped with a Zorbax Eclipse Plus C18 column (Agilent Technologies, UK). Samples were analysed using isocratic ratio 80 : 20 (acetonitrile: H 2 O), UV detector (l ¼ 270 nm), flow of 1 ml min 21 and an injection volume of 10 ml (3 ml for loading tests) over 4 min. Calibration curves for both compounds were constructed using these LC parameters to determine the loading capacity of the MSNPs.
To estimate the loading capacity of the MSNPs, the oil that remained in the supernatant after the loading process was analysed via LC. Owing to the volatility of the compounds, a control sample was also set up in parallel which contained essential oils in the same solvent system, but in the absence of nanoparticles. The difference in the amount of essential oils in the supernatant between the control sample and the experimental sample was considered to be the amount loaded into the MSNPs.
The method to evaluate the release of the compounds from the MSNPs was adapted from Uchiyama et al. [20] : ethyl acetate (EtOAc) was used as an organic solvent to extract AIT and CNAD from PBS solution and at each sampling time point, 550 ml MSNP suspension was transferred into a microfuge tube and centrifuged at 13 000 r.p.m. for 2 min. The PBS supernatant (500 ml) was then transferred to a new microfuge tube, to which 500 ml EtOAc was added. This 1 : 1 (v/v) EtOAc: PBS solution was shaken at 220 r.p.m. for 20 min to extract the plant compounds out from aqueous solution into the organic phase. Samples were then centrifuged at 13 000 r.p.m. for 2 min to separate the two immiscible liquids, and 220 ml of the top EtOAc layer was transferred into a GC vial. The sample was then injected into the GC-FID instrument to be analysed.
A GC-2010 (Shimadzu) GC-FID instrument with Perkin Elmer Clarus GC ovens was used to quantify the release of AIT and CNAD from 20 mg of loaded MSNPs. The analytical methods for both compounds were developed experimentally (electronic supplementary material, table S1) using a Shimadzu GC-2010, Perkin Elmer Clarus GC and Shim-5MS 5% phenyl (equiv.) polysilphenylene-siloxane column. Retention time for AIT was 6.668 min and 7.078 min for CNAD.
Standard curves of AIT and CNAD were established by preparing solutions of known concentrations ranging from 0.5 to 3000 mg l 21 in EtOAc for both compounds. Each standard solution of known concentration was analysed with GC-FID under the respective analytical methods described above.
Bacterial viability assays
Escherichia coli (NCIMB 8879) cultures grown in nutrient broth were harvested at mid-log growth phase, washed twice and resuspended in PBS. The turbidity of the E. coli suspension was adjusted to match 0.5 McFarland standard (OD 600 ¼ 0.132), which corresponded to bacterial density of 10 8 CFU ml
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. The AIT-and CNAD-loaded MSNP release studies performed revealed that the maximum concentrations detected in solution as a result of being released from 2 mg ml 21 of loaded MSNPs were 362.7 mg l 21 for AIT and 34.8 mg l 21 for CNAD. To directly compare the killing efficiencies of AIT and CNAD in free form versus encapsulated in pores of MSNPs, when used at the same concentrations, E. coli suspensions grown and adjusted as described above were each incubated with the following treatments for 18 h at 328C with 120 r.p.m. agitation: (i) no treatment (negative control), (ii) 362.7 mg l 21 AIT, (iii) 2 mg ml 21 AIT-loaded MSNPs, (iv) 1 mg ml 21 AIT-loaded MSNPs, (v) 34.8 mg l
CNAD, and (vi) 2 mg ml 21 CNAD-loaded MSNPs. Bacterial viability was assessed employing both the Miles and Misra [21] plate count method and TEM.
Transmission electron microscopy imaging of
Escherichia coli to asses bacterial viability
After treatment with free oils and loaded MSNPs, E. coli suspensions were centrifuged, washed, resuspended in 5 ml distilled water and further diluted 150-fold. Specimens were prepared by drop-casting 10 ml of each diluted sample onto holey carboncoated TEM copper grids (carbon film on 3 mm 300 mesh, Agar Scientific, UK), allowing them to dry overnight. Triplicates were prepared for each treatment. Resulting specimens were imaged via TEM with JEOL JEM 2010 at 200 kV for bright field imaging.
Confocal imaging of bacterial biofilms
Confocal laser scanning microscopy (CLSM) was used to visualize Pseudomonas aeruginosa biofilms grown in sterile FluoroDish TM tissue and cell culture dishes (35 mm diameter) with cover glass bottom (23 mm diameter; World Precision Instruments, UK). Control biofilms were grown for 48 h at 308C in 2 ml sterile 10% tryptic soy broth (TSB) (Sigma-Aldrich) in PBS with 1/100 (vol/ vol) P. aeruginosa inocula (OD 600 ¼ 0.132). After 24 h of growth, medium in the culture dish was removed and carefully replaced with fresh sterile 10% TSB in PBS so as not to disturb the biofilm forming on the surface of the cover glass. This was done to provide fresh nutrients to support growth of nascent biofilm, and to remove any planktonic cells in the spent media to avoid competition with the biofilm cells for nutrients. Confluent and adherent biofilms were visible after 48 h of growth. At this point, the preformed biofilms were subjected to various treatments listed in table 1 (2 ml for each) for 24 h, with PBS as the solvent. Control samples were treated with 2 ml sterile PBS. CLSM images were collected directly from the cover glass at the bottom of the cell culture dish using a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss MicroImaging GmbH, Jena, Germany) with a 1.2-numerical-aperture C-Apochromat 40Â water immersion lens (Carl Zeiss MicroImaging GmbH, Jena, Germany). Before imaging, biofilms were stained with 1 : 1 (v : v) mixture of Syto w 9 and PI dyes from the LIVE/DEAD w BacLight TM bacterial viability kit (Molecular Probes w , Invitrogen TM , USA). Stock stain solution was prepared by dissolving 30 ml 3.34 mM Syto w 9 and 30 ml 20 mM PI in 9.94 ml distilled water. Biofilm samples were stained with 1 ml stock dye solution for 15 min in the dark to fluorescently stain the cells, then washed once with PBS to remove any excess dye. Biofilm samples were excited with a 488 nm line from a 30 mW argon ion laser operating with a tube current of 6.1 A attenuated to 0.3 -0.7% of full power in multitrack mode. Fluorescence emission was detected with 500-530 nm (green, alive) and 585 -615 nm (red, dead) band-pass filters. Three-dimensional images were collected over square areas with image size of 1024 Â 1024 pixels (76.8 Â 76.8 mm) in x and y with variable number of z-sections since the thickness of each biofilm differed from one another due to the intrinsic variance of biological samples and the different types of treatment each biofilm was subjected to. Pixel spacing was 70 nm and pixel dwell time was 1.6 ms.
Three biological replicates were prepared for each treatment, each was imaged at three different locations of the biofilm (at the least), and the entire experiment was repeated four separate times. CLSM images were rendered using Zeiss LSM Image Browser v. 4.2.0.121 software.
Results
Mesoporous silica nanoparticle characterization
MSNPs were imaged with bright field TEM in different orientations to determine the shape and dimension of the particles as well as the pore characteristics (figure 1a). Mesopores showed high rotational symmetry about the centre axis in a hexagonal arrangement when imaged through the axis of the central pore. When the electron beam was perpendicular to the centre axis (figure 1b), the MSNPs showed the pores to penetrate directly through the entire volume of the nanoparticle. From such images, a synthesized MSNP may be described as a polyhedron with constituent pore channels arranged in a highly ordered manner.
Particle diameters were determined from TEM images. The distribution of nanoparticle size is displayed in figure 1c. Mean particle diameter was 103.64 + 18.78 nm, with an average aspect ratio of 1.12 (n ¼ 140). Size distribution of the MSNPs followed a unimodal Gaussian curve (s.d. ¼ 18.78), which shows a robust and reproducible synthesis method.
The sizes of the pores were also measured from TEM images: mean pore diameter was 2.03 + 0.19 nm (n ¼ 170 from 15 individual nanoparticles). Mean channel diameter was 2.02 + 0.17 nm (n ¼ 70 from 15 different nanoparticles). Pore and channel width measurements were highly consistent, and a low s.d. indicates uniformity and regularity.
Loading and release profiles of allyl isothiocyanate and cinnamaldehyde
The loading of MSNPs was carried out with excess oil to maximize the loading efficiency. AIT and CNAD are adsorbed onto the silica surface and in the nanoparticles' pores by hydrogen bonds and van der Waals forces that can be broken by water to enable the release of the biocide [22] . figure 2a,b) . The high initial rates of release over the first hour may have been due to the steep concentration gradient established from within and outside the pores in the external solution or because of release of compounds bound to the external surface of the nanoparticle (see [19] for a discussion of the ratio of external to internal surface area). Subsequently, there was a slight and gradual decrease in concentration from 1 to 24 h for both compounds. This decrease may have been due to the highly volatile nature of both plant compounds that are easily lost from the aqueous phase via spontaneous vaporization. Henry's law volatility constant for AIT is 2. , meaning AIT has a greater tendency than CNAD to escape from the water phase into the atmosphere. This could explain why the decrease in concentration from 1 to 24 h was much greater for AIT than CNAD.
To evaluate the volatility of the oils, AIT and CNAD were incubated with and without nanoparticles. This confirmed that AIT was highly volatile, and up to 65% of the oil in solution evaporated within 24 h (figure 2c). CNAD was less soluble than AIT and therefore the concentration of oil in solution increased during the first hour of incubation. However, after the first hour, a slight decrease in concentration demonstrated the volatility of this compound, and after 24 h around 10% of the oil in solution was lost from the system (figure 2d). The concentration of each compound and rate of evaporation were not affected by the presence of unloaded nanoparticles in the solution, suggesting that no oil became immobilized by irreversible adherence to the nanoparticles. Taken together, we infer that the decline in concentrations of oil released from the MSNPs represents a quasi-steady-state equilibrium between continued release from the MSNPs and evaporation. 
Viability of allyl isothiocyanate-and cinnamaldehyde-treated bacteria
To directly compare the killing efficiency of AIT and CNAD in free form versus encapsulated in MSNPs, planktonic E. coli cells were treated with MSNPs and free oils at the equivalent concentration determined from the release profiles. . Based on present data, we infer that using MSNPs as a delivery system doubled the antibacterial efficacy of free form AIT after 1 h of exposure.
At the 18 h time point, both 2 and 1 mg ml 21 (data not shown) AIT-loaded MSNPs killed all planktonic bacteria while AIT in free form at 362.7 mg l 21 was significantly less effective and resulted in a more than 85% reduction in bacterial colonies counts when compared with the negative control ( p 0.05; figure 3a) . Based on present experimental data, the degree of antibacterial efficacy was not solely dependent on the amount of AIT-loaded MSNPs employed; but rather, the killing efficiency of AIT-loaded MSNPs was also a function of treatment time. 
Monitoring the interaction between bacteria and
allyl isothiocyanate-and cinnamaldehyde-loaded mesoporous silica nanoparticles using transmission electron microscopy
The action of MSNPs may only involve release of the volatile oils in solution or augment the delivery by physical interaction with the bacteria. To visualize the interaction, planktonic E. coli treated with AIT-and CNAD-loaded MSNPs, along with empty MSNPs (vehicle control) and with no treatment (negative control), were imaged with bright field TEM (figure 4). Untreated controls (figure 4a-c) revealed rod-shaped bacteria, with a proportion of cells dividing. Treatment with empty MSNPs also yielded cells with bacillus morphology and no obvious damage (figure 4d-f) although the bacteria appeared slightly larger and relatively more spherical compared with those in the negative control. This could be a bacterial reaction induced by the presence of foreign, but non-toxic, objects in the media. From brief visual analysis, the cells did not appear to be dividing after the treatment, unlike those in the negative controls.
By contrast, E. coli treated with 2 mg ml 21 AIT-loaded (figure 4g-i) or CNAD-loaded (figure 4j-l) MSNPs appeared stressed and flaccid compared to bacteria in the untreated controls, with corrugated wall outlines suggesting cells were dead or dying.
Biofilm viability assay
To determine whether MSNPs would also enhance the effectiveness of AIT and CNAD toxicity in the more challenging included to directly compare the anti-biofilm efficacies of the two compounds when used at the same concentration. CLSM was used to evaluate the effects of AIT-and CNADloaded MSNPs treatments on pre-existing, 48 h-old biofilms after treated samples were stained with LIVE/DEAD w BacLight TM Bacterial Viability Stain. Maximum intensity projections of CLSM stack images are presented in figure 5a. Images are 76.8 Â 76.8 mm in x-and y-axes with variable numbers of z-sections since the thickness of each biofilm differed due to the different types of treatment to each biofilm (figure 5b).
There was no detectable difference between the untreated control and unloaded MSNPs after 24 h treatment with 2 mg ml 21 empty MSNPs. In both cases, the bacteria were highly viable, as indicated by the dense green fluorescence signals ( figure 5aA,B) , and the biofilm maintained a thickness of 100.25 + 13.13 mm and 96 + 13.12 mm, respectively (figure 5b). Thus, empty, unloaded MSNPs had negligible effect on pre-formed P. aeruginosa biofilms. figure 5aJ ). Biofilms in both cases remained viable with mean biofilm thickness of 100.25 + 13.13 mm and 87.125 + 4.75 mm, respectively. While equally effective in detaching adherent biofilm cells, CNAD was more effective than AIT in killing the remaining adherent bacteria when both were used in free form at the same concentration (compare panels (H,I) with (C,D) in figure 5a).
Treatment with AIT-loaded MSNPs (figure 5aE-G) significantly reduced the average thickness and disrupted the spatial integrity of the remaining biofilm when compared with the untreated control (figure 5aA), and the vehicle control (figure 5aB). The effects were more pronounced than samples exposed to free form AIT (figure 5aC,D figure 5a ) and in reducing the average thickness of biofilms (figure 5b). Even exposure to 1 mg ml 21 and 0.5 mg ml 21 AIT-loaded MSNPs was more effective than the free form in dissociating adherent cells from the biofilm and/or killing constituent cells first and then causing detachment (or a combination of both). Furthermore, biofilm thickness, cell density and abundance of green and red fluorescence signals between 0.5 mg ml 21 AITloaded MSNPs and 600 mg l 21 AIT in free form were similar, which showed these treatments had a similar efficacy in detaching and killing bacterial biofilms. Therefore, the efficacy of AIT was estimated to have been improved more than six times by the MSNPs. For CNAD, there was no observable difference in viability and cell density between 2 and 1 mg ml 21 figure 5a , and the average thickness of biofilms in figure 5b), even though this would be expected to result in equivalent concentrations (figure 2b). The biofilm cells remaining after treatments with 2 and 1 mg ml
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MSNPs were sparse and mostly dead (figure 5aK,L). While 0.5 mg ml 21 CNAD-loaded MSNPs resulted in relatively denser, thicker, and more viable biofilms (figure 5aM), this treatment (equivalent to ( 
Discussion
This study is the first to report the utilization of MSNPs for the delivery of AIT and CNAD for antimicrobial use against planktonic E. coli and P. aeruginosa biofilms. Herein we focused on the compounds CNAD and AIT, and sought to investigate further the potential of their antimicrobial activity and specifically whether the compound could be packaged into MSNPs to improve the stability of the compound. AIT (figure 6a) is a natural compound derived from plants in the Cruciferae family and is a potent inhibitor of a large number of pathogenic microorganisms in liquid media as well as in vapour form [25] [26] [27] [28] . The compound has been demonstrated to be effective against E. coli O157:H7 and Salmonella Montevideo, and was an effective bactericidal agent at all growth stages in comparison to penicillin G and streptomycin which do not exhibit any bactericidal effect against stationary cells. The mode of action of AIT was determined by comparison to be most similar with that of polymixin B; showing cell membrane damage and resulting leakage of cellular metabolites [29] . We showed similar efficacy by the application of free AIT at 362.7 mg l 21 which was able to inhibit more than 85% bacterial colonies in planktonic form when compared with the untreated control after 18 h (figure 3a). At the 18 h time point, the negative control samples experimentally yielded (2.365 + 0.037) Â 10 9 CFU ml 21 E. coli.
CNAD (figure 6b) was first isolated from cinnamon essential oil in 1834 by Dumas and Peligot, and was synthesized in the laboratory by Chiozza in 1854 [30] . The molecule consists of a phenyl group attached to an unsaturated aldehyde closely related to compounds that give rise to lignin [31] . In terms of its antibacterial action, CNAD has been reported to inhibit the growth of Clostridium botulinum [32] , Staphylococcus aureus [33] , E. coli O157:H7, and Salmonella enterica serovar typhimurium [34] . In this study, CNAD was tested against E. coli, and colony counts were performed after application of the free compound. Exposure to 34.8 mg ml 21 CNAD resulted in a 35% reduction in CFU ml 21 compared with the control. While essential oils can clearly be seen to be efficacious as biocides, their application has been limited due to their volatility, which can potentially be overcome by encapsulation of the antimicrobial to retain its potency. As such, MSNPs were investigated as carriers. The nanoparticles have an exceptionally large surface area (see [29] for full characterization details), and the silica chemistry lends itself to adsorbing biocides. Other studies have shown that drug molecules can be adsorbed both onto the surface of the silica nanoparticles and inside the pores by van der Waals forces and hydrogen bonds, which can be broken by contact with water, hence enabling detachment and release of the drug [22] . In our previous studies, we have also shown that a potential chemotherapeutic, the fungal derivative Ophiobolin A, underwent significantly less degradation when adsorbed to MSNPs [35] . Other studies have reported the use of nanostructured mesoporous silica loaded with essential oils against the planktonic form of the bacteria P. aeruginosa and Staphylococcus aureus [36] as well as against the fungus Aspergillus niger [37] . Different methods for essential oil loading into MSNPs have been reported. For instance, Bernardos et al. have discussed a simple vapour adsorption method to load essential oils into nanoparticles [38] . The method described in this paper is based on diffusion and relies on the adsorption of the compounds onto the nanoparticles.
We demonstrated that both AIT and CNAD were more effective in killing bacteria when encapsulated in MSNPs than as free agents. Free AIT was demonstrated to be 10% less effective than the encapsulated form and CNAD-loaded MSNPs yielded significantly lower colony counts reaching 50% greater efficacy after 18 h. Additionally, cells exposed to both CNAD and AIT were seen to undergo plasmolysis, a phenomenon where the cytoplasmic membrane shrinks and pulls away from the cell wall due to loss of water from inside the cell when bacteria are in a hypertonic environment [39, 40] . Eventually, plasmolysis can lead to the complete collapse of the cell wall (cytorrhysis) and subsequent cell death [40, 41] . The images show that the MSNPs alone were not toxic to E. coli, and no internalization of the MSNPs was observed. Instead, MSNPs accumulate around the cells delivering high concentrations of antimicrobials to a critical point in the cell membrane. This accumulation could be caused by a process known as depletion, where an imbalance in osmotic pressure enhances the potential for aggregation [42] .
The susceptibility to a biocide varies markedly between planktonic cells and biofilms. Biofilms are densely packed communities of microbial cells that surround themselves with extracellular polymeric substances. These sessile communities and their inherent resistance to antimicrobial agents are at the root of many persistent and chronic bacterial infections in medical and industrial scenarios.
Previous studies have used nanoparticles against biofilms. Mu et al. [43] used gold nanoparticles loaded with gentamicin to treat biofilms. Other studies have treated E. coli biofilms with essential oil capsules stabilized by nanoparticles [44] or by loading the nanoparticles with Eucalyptus globulus oil [45] . In this study, we demonstrated that both AIT and CNAD were effective against P. aeruginosa biofilms and that the essential oil efficacy is improved up to 40 times by MSNP encapsulation. The use of loaded MSNPs as delivery vehicles increases and localizes the antimicrobial concentration delivered to the biofilm due to a proximity effect of the nanoparticles to the biofilm surface. The sticky nature of the biofilm exopolysaccharides [46] helps the MSNPs to adhere to the biofilm surface, enhancing delivery and preventing dilution of the antimicrobial. In addition, MSNPs maintain the antimicrobials in their active form for a longer period and protect them from evaporation. Qualitative and quantitative analyses of biofilm viability demonstrated that the ability of both compounds to dissociate and kill constituent biofilm cells was significantly enhanced by the employment of MSNPs as a delivery system.
Conclusion
MSNPs proved to be an effective method of delivering hydrophobic, volatile and unstable compounds and significantly enhanced the compounds' bioactivity (in this case, antimicrobial activity). The delivery platform could potentially be expanded to traditional biocides and other non-conventional antimicrobial agents which would benefit from the directed and sustained release to target microbes. Because bioactivity is increased, lower doses of biocide would be effective. Treating bacteria with higher dosages than are necessary for cell kill increases the likelihood of resistance developing. Therefore, using MSNPs to deploy antimicrobial agents could be an effective way of maximizing biocidal potential of hydrophobic and/or volatile compounds while reducing the opportunity for spontaneous antibiotic resistance to occur. To ensure a controlled release of the biocide from the MSNPs, we have capped the nanoparticles with a responsive coating that will provide a controlled and targeted not release of the biocide. The manuscript of this work is currently under preparation.
